The mouse Igf2 and H19 genes lie 70-kb apart on chromosome 7 and are reciprocally imprinted. Two regulatory regions are important for their parental allele-specific ex pression: a differentially methylated region (DMR) upstream of H19 and a set of tissue specific enhancers downstream of H19. The enhancers specifically activate Igf2 on the paternal chromosome and H19 on the maternal chromosome. The interactions between the enhancers and the genes are regulated by the DMR, which works as a selector by exerting dual functions: a methylated DMR on the paternal chromosome inactivates adjacent H19 and an unmethylated DMR on the maternal chromosome insulates Igf2 from the enhancers. These processes appear to involve methyl-CpG-binding proteins, histone deacetylases and the formation of chromatin insulator complexes. The Igf2/H19 region provides a unique model in which to study the roles of DNA methylation and chromatin structure in the regulation of chromosome domains.
The mouse insulin-like growth factor II (Igf2) and H19 genes lie within a large imprinted region on distal chromo some 7 (5) . The two genes are separated by only 70 kb and imprinted in opposite directions: only the paternal allele of Ig/2 is expressed and only the maternal allele of H19 is ex pressed (6, 7) (Fig. LA) . The protein product of Ig/2 is a fetal growth factor, but the function of H19, whose final product is an RNA, is still unclear. In this article, we will review the experimental evidence for the involvement of DNA methy lation and chromatin structure in Igf2/H19 imprinting. We will also review the findings obtained by germline deletion experiments in mice, which have revealed the long-distance mechanisms regulating the reciprocal imprinting of the two genes. Based on these findings, a chromatin model for Igf2/ H19 imprinting will be proposed. The first indication that DNA methylation (methylation of cytosine at CpG dinucleotides) is involved in imprinting comes from studies on imprinted transgenes (8) . In most cases, the foreign DNA was methylated when maternally derived but unmethylated when paternally derived (8) . However, a study on an endogenous gene, Ig/2, revealed that its promoter region, including a typical CpG island, was unmethylated at both parental alleles (although par tial differences were seen in non-regulatory regions) (9) . Similarly, DNase I sensitivity assays detected no difference in chromatin between the paternal and maternal Ig/2 alle les (9) . In contrast, studies on H19 showed the inactive paternal allele to be heavily methylated whereas the active maternal allele was unmethylated (10, 11) (Fig. LA) . Fur thermore, the chromatin of the methylated paternal allele was more resistant to nucleases than the maternal allele (10, 11) (Fig. IA) . Subsequent studies revealed that the dif ferences in methylation found in a 2-kb region (differen tially methylated region, DMR) located 2-kb upstream from the transcription start site were already present in the gametes (methylated in sperm and unmethylated in oocytes), fulfilling the criteria for a parental imprint (12) . In contrast, methylation differences around the transcription start site were established only after implantation (13 a The data on mutant mice are according to Li et al. (14) .
Another epigenetic mechanism closely associated with imprinting is the timing of DNA replication. In non-im printed gene regions, homologous chromosomes replicate synchronously during S phase. In contrast, imprinted gene regions, including the Igf2/H19 region, replicate asynchro nously (15, 16) , suggesting the presence of allelic differ ences in the higher-order chromatin structure. However, a direct link between asynchronous replication and parental allele-specific expression is still lacking. 
The downstream enhancers
Direct evidence that the endoderm enhancers down stream of H19 are involved in Igf2/H19 imprinting comes from a series of germline deletion experiments by Tilghman and colleagues. First, they deleted the two endoderm en hancers and observed that neither H19 nor Ig/2 was ex pressed on the chromosome with the deletion (20) (Fig. 1B) . This indicated that H19 and Ig/2 utilize the same endo derm enhancers, but on different parental chromosomes. Interestingly, the mutation did not affect the expression of L23mrp (or Rp123), a biallelically expressed gene located only 40 kb downstream of H19, suggesting that L23mrp is insulated from the enhancers (21) (Fig. 1B) . Second, a 13 kb deletion containing both the H19 transcription unit and DMR activated the normally silent Igf2 allele on the mater nal chromosome (22) (Fig. 1C) , suggesting that a function of the H19 region is to imprint Ig/2. Third, when an extra set of enhancers was inserted midway between Igf2 and H19, the normally silent maternal Igf2 allele was activated in endodermal tissues without changing the level of H19 expression (23) (Fig. 1D) . This is consistent with a relief from competition. Lastly, when the enhancers were relo cated equidistant from Igf2 and H19 , the normally silent maternal Igf2 allele was activated and expression of the maternal H19 allele was reduced (23) (Fig. 1E) . These find ings indicate that the endoderm enhancers are essential for the imprinted expression of both Igf2 and H19 and that the locations of the enhancers are important. Although it was shown that a 13-kb H19 region is essen tial for Igf2 imprinting (22) (Fig. 1C) , the most important part was yet to be determined. For example, the RNA-cod ing region could play a critical role since Xist, a transcript expressed specifically from inactive X chromosomes, is thought to initiate chromosome inactivation by functioning as an RNA (26, 27). Replacement of the H19 coding region by a luciferase gene, however, caused only a slight dere pression of the transgene on the paternal chromosome, with no apparent effect on Igt2 expression or imprinting (28) (Fig. 2B) . This suggested that the H19 RNA is basi cally irrelevant. Removal of the H19 transcription unit including the promoter and the transcription start site caused only minimal activation of the maternal Igf2 allele (29) (Fig. 2C) . This indicated that, in contrast to the predic tion based on strict enhancer competition, transcriptional activity of the H19 promoter is not required to silence the maternal Igf2 allele. Furthermore, the results suggested that a 10-kb region containing the DMR blocks the en hancer-Igf2 interaction on the maternal chromosome but not on the paternal chromosome.
Direct evidence for the crucial function of the DMR was obtained by producing mice harboring a 1.6-kb deletion of the DMR. H19 was activated and Igf2 expression was re duced when the deletion was paternally inherited; H19 ex pression was reduced and Igf2 was activated upon mater nal inheritance of the deletion (30) (Fig. 2D) . These findings indicate that the methylated DMR on the paternal chromo some is required to silence the adjacent H19 and that the unmethylated DMR on the maternal chromosome is re quired to block the interactions between Igf2 and the en hancers. Thus, the DMR serves as an inactivation center when methylated and as a chromatin insulator or bound ary element (31) when unmethylated. Interestingly, this insulator activity of the unmethylated DMR may be orien- We recently identified an evolutionarily conserved se quence element that appears repeatedly within the human and mouse DMRs (24). The highly conserved 15-bp core region of the consensus sequence is GC-rich and contains four methylatable CpG sites. Gel shift assays showed that these sequences form complexes with specific nuclear fac tors from various sources and, furthermore, that complex formation by one of these factors is inhibited by target site methylation (24). It is conceivable that the binding of these factors to the unmethylated DMR is one of the crucial steps in the regulation oflgf2/H19 imprinting.
A chromatin model
T taking all the above findings into account, we propose a revised model to explain the mechanisms of Igt2/H19 im printing (Fig. 3) . There are two important points to note. First, the LCR-like region downstream of H19 contains some enhancers with overlapping tissue specificities (24); activation complexes formed on these enhancers might assemble further to form a larger holocomplex. The holo complex and the promoter of either Igf2 or H19 are brought together to form a transcription complex, perhaps by chro matin looping. Second, the selection of which gene is to be activated is not determined by strict enhancer competition: it is determined by the function of the DMR. The recipro cal. imprinted expression of Igf2 and H19 is dependent on the down stream LCR-like region, which interacts with the genes , perhaps through chromosome looping. The DMR works as a selector or switch that determines which genee is to be activated by the putative LCR holocomplex. A paternally derived methylated DMR inacti vates adjacent H19 by spreading its inactive chromatin state into the promoter region, leaving the enhancers accessible to lit/2 (bot tom). A maternally derived unmethylated DMR blocks the interac tion between the enhancers and Ig/2, perhaps by forming chromatin insulator complexes (top).
for of historic deacetylase disrupts the imprinting of H19 in some tissues (36). Thus the holocomplex cannot interact with the H19 promoter and engages itself in the activation of Ig/2. In constrast to this, both Igf2 and 1119 are unmeth ylated and available for activation by the holocomplex on the maternal chromosome. However, the unmethylated DMR attracts sequence-specific nuclear factors and forms a chromatin insulator complex, which prevents the interac tion between the holocomplex and Igf2. The formation of sequence-specific complexes is supported by the presence of maternal-specific DNase I hypersensitive sites (37, .38). Since some of the evolutionarily conserved elements map at the same positions as the hypersensitive sites, the DNA binding proteins, including the methylation-sensitive pro tein, are probably important far the formation of the insula tor complex (24). 
